The present study conducts the numerical investigation of flow characteristics and thermal performance of spiral finned-tube heat exchangers. The effects of location of perforations (90 • , 120 • , and 150 • ) on heat transfer and pressure drop are analyzed for the air-side. The commercial computational fluid dynamics code ANSYS Fluent (V.17.0) is used for simulations with the RNG k-ε model based on the Reynolds-averaged Navier-Stokes equations. The velocity field, Colburn j-factor, and friction factor are analyzed to evaluate the heat transfer and pressure drop characteristics. Because of the flow through the perforations, the boundary layers on the fin surfaces are interrupted. This results in increased flow disturbances close to the fin, and the heat transfer performance increases compared to the reference case. The pressure drop, which is one of the disadvantages of spiral finned tubes comparing to plate or circular fins, decreases with perforations on the fin. Overall, the cases with perforated fin exhibit greater performance of area goodness factor considering the relationship between the heat transfer and the pressure drop.
Introduction
Spiral finned-tube heat exchangers have been used in various industrial fields, such as the automotive, aerospace, air conditioning, waste heat recovery, and refrigeration industries [1, 2] . The operating costs and size of the systems can be significantly decreased by improving their thermo-hydraulic performance. The thermal resistance that determines the heat transfer performance of the finned-tube heat exchanger is divided into two parts, the tube-side and the air-side thermal resistance. The air-side thermal resistance is typically dominant regarding the heat transfer performance and can be improved by changing the fin shape, examples being the flat plate fin, the circular fin, and the spiral fin [3, 4] . However, a secondary flow is generated that causes the thermal efficiency to decrease, as well as pressure losses when the main flow encounters the finned-tube [5] . Numerical simulations play an important role in analyzing the flow characteristics in the wake region where the secondary flow is generated. It has been recently reported that the secondary flow can be decreased by changing the fin configuration close to the wake region in finned-tube heat exchangers [6] .
Numerous studies have been conducted with different arrangements of fins, pitch, and fin size, aimed at improving the heat transfer performance of spiral finned-tube heat exchangers [7] [8] [9] . Lee et al. [10] conducted experiments to compare the effect of fin pitch and fin alignment on the heat transfer of spiral finned-tube heat exchangers. The thermal performance per surface area decreased with decreasing fin pitch, and the Colburn j-factor of a staggered alignment was greater than that of an inline fin alignment. Mon et al. [11] studied the temperature and velocity distributions considering the fin pitch and alignment of tubes. Ma et al. [12] studied the effects of fin pitch and tube spacing on the heat transfer and pressure drop of finned-tube banks with staggered layouts. The pressure drop increased with the decrease of fin pitch and tube spacing.
Variations in fin configurations influenced the flow characteristics in the wake region significantly. A number of fin configurations were evaluated to improve the thermal performance of finned-tube heat exchangers [13, 14] . Nuntaphan et al. [15] conducted experiments at low Reynolds number on the air-side with crimped fins and suggested the correlation for the Colburn j-factor and friction factor. Martinez et al. [16] performed a numerical simulation to examine the flow and pressure drop characteristics of serrated fins. They showed the turbulent kinetic energy to compare the flow interaction through the finned-tube, and the high temperature and pressure gradient appeared at the location of large turbulent kinetic energy. The low turbulent kinetic energy appeared at the recirculation regions with low heat transfer. For the serrated fin, the numerical study was conducted to reduce the fin material [17] . They cut off the fin materials at the rear part of the finned-tube which locations had the lowest heat transfer rate. The cut-off angle less than 60 • had similar heat transfer and pressure drop, because the flow separation occurred nearly at the cut-off angle of 60 • and the lowest heat transfer appeared at this region. Kumar et al. [18] investigated the thermal-hydraulic performance of plate and annular fins, including plain circular, serrated, crimped, plain plate, and wavy fins, as well as a fin with a delta winglet pair. They reported that the friction factor for crimped and serrated fins was higher than that of the plate fins resulting from the stronger flow disturbance. The perforated circular fin was studied to examine the heat transfer and pressure drop characteristics [19] . The perforation on the circular fin increased the convective heat transfer coefficient due to the disturbance produced by the perforations. Liu et al. [20] conducted the numerical simulations to analyze the effect of perforations at the flat plate fin on the flow characteristics at the rear part of the tube. The heat transfer performance increased with the perforations of the fin, because the fluid flow through the perforation interrupted the boundary layer and reduced the wake region.
The bulk of previous studies investigated the heat transfer and pressure drop characteristics for different fin spacing, fin sizes, and fin configurations in spiral finned-tube heat exchangers. Also, they studied to affect the flow field in the wake region. To the best of our knowledge, no studies have been conducted to investigate the flow characteristics of spiral finned-tube heat exchangers with perforations on the fin. As the spiral fin surfaces partially face the upstream flow, it is expected that the perforations will affect the flow field and heat transfer more significantly than a plate or circular fins where the fin surfaces are parallel to the flow direction. As reported previous studies, the perforations on the fin will cause flow disturbance at the fin surface and affect the flow characteristics at the lowest heat transfer region. In this study, we attempt to quantify the effects of perforated spiral fins on the heat transfer and pressure drop characteristics. Various locations and number of perforations on spiral fins are examined, and flow fields (velocities, turbulent kinetic energies), Colburn j-factor, friction factor, and area goodness factor are analyzed.
Numerical Details

Mathematical Representation
Numerical simulations are conducted in this study to analyze the heat transfer and flow characteristics of finned-tube heat exchangers using the commercial code ANSYS Fluent (V.17.0, ANSYS, Canonsburg, PA, USA). We assume incompressible flow, Newtonian fluid, and steady state conditions, and neglect the buoyancy. For the numerical simulations, the continuity, momentum, and energy equations are used as follows:
where u i is the velocity vector, E is the total energy, k a is thermal conductivity of air, µ t is the turbulent viscosity, Pr t is the turbulent Prandtl number, k is the turbulence kinetic energy, and ε is the dissipation rate [21] . The direct numerical simulation (DNS) and large eddy simulation (LES) can be used for the detail flow field of the finned-tube heat exchanger, but it causes higher computational cost [22] [23] [24] . Reynolds-averaged Navier-Stokes (RANS) based RNG k-ε model, that is the two-equation turbulence model, is used to analyze the complicated flow motion inside the finned-tube heat exchanger [20] . The RNG k-ε model has been used to capture the complex flow and adverse pressure gradients of the finned-tube heat exchanger [16, 18] .
where µ eff = µ + µ t is the effective viscosity, S = (2S ij S ij ) 0.5 is the modulus of the mean rate of the strain tensor, and R ε is the rate of strain. The α k and α ε are the inversed effective Prandtl numbers for k and ε. The C 1ε and C 2ε are the turbulence model constants which values are 1.42 and 1.68 respectively [21] .
Computational Domain and Boundary Conditions
This study focuses on the air-side flows as the heat transfer characteristics are primarily affected by the complex flow physics of the outside flow of the tube. It is difficult to numerically simulate the full configuration of finned-tube heat exchangers, because of their significant computational requirements. Therefore, we analyze the complicated flow and heat transfer characteristics with the use of the repeated section of the finned-tube heat exchanger, as shown in Figure 1 .
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where μeff = μ + μt is the effective viscosity, S = (2SijSij) 0.5 is the modulus of the mean rate of the strain tensor, and Rε is the rate of strain. The αk and αε are the inversed effective Prandtl numbers for k and ε. The C1ε and C2ε are the turbulence model constants which values are 1.42 and 1.68 respectively [21] .
This study focuses on the air-side flows as the heat transfer characteristics are primarily affected by the complex flow physics of the outside flow of the tube. It is difficult to numerically simulate the full configuration of finned-tube heat exchangers, because of their significant computational requirements. Therefore, we analyze the complicated flow and heat transfer characteristics with the use of the repeated section of the finned-tube heat exchanger, as shown in Figure 1 . We construct the three-dimensional model and grid system of the spiral finned-tube heat exchanger. A staggered arrangement of tubes with six columns is adopted to analyze the effect of perforation positions on the fins. The distances in the transverse and longitudinal direction of each tube are 65 mm and 55 mm, respectively. The computational domain is extended to remove the backflow effect that is an artificial error at the outlet boundary. The total length of the computational domain is 605 mm, and the width is 30 mm. For the numerical analysis, we construct approximately 11.4 million tetrahedral mesh elements. Five prism layers are constructed on the wall of the fins for a detailed analysis of the flow motions and the heat transfer characteristics close to the fin surfaces. Figure 2 depicts eight fin configurations where the number and location of holes differ. The tube and fin diameters are set at 19.05 mm and 39.05 mm, respectively, the fin pitch is 5 mm, and the size of the hole is 6 mm. Case 1, the spiral fin without perforations, is taken as the reference case. Three locations, at 90 • , 120 • , and 150 • from the leading edge of the tube, are studied. Cases 5, 6, and 7 each have four perforations on the fin per fin pitch, and Case 8 has six perforated holes per fin pitch.
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Performance of Heat Exchanger
Heat transfer performance and pressure drop characteristics are evaluated using the Colburn jfactor and friction factor that is defined as follows [26] : At the mainstream, the temperature of the injected air is 363 K. The inlet air is injected uniformly with flow velocities of 5.16, 6.19, 7.22, and 8.26 m/s that correspond to Reynolds numbers of 7150, 8580, 10,010, and 11,440, respectively, to evaluate the heat transfer performance according to the mass flow rates. The side walls perpendicular to the flow direction apply symmetric conditions, and it considers a zero gradient to the normal direction of the plane. Also, the turbulence intensity and hydraulic diameter (D h = 0.0212 m) at the inlet and outlet conditions are set for turbulence. The empirical correlation equation used for turbulence intensity is defined as follows [21] :
The turbulence intensity is 5% for the Re = 11,440. The tube wall is a no-slip condition with a fixed temperature of 303 K. Shell conduction, which can be used to model the thin wall without constructing mesh for the wall thickness, is employed to calculate the heat conduction within the fin. This model can be applied to the thin wall to consider the conjugate heat transfer [21, 25] . The fin is made of stainless steel which has a thermal conductivity of 16.27 W/(m·K) and specific heat at constant pressure of 502.48 J/(kg·K). The fin thickness is set as 0.4 mm. The outlet condition is atmospheric pressure based on the gauge pressure. The density of the air is treated as an incompressible ideal gas. The thermal conductivity and viscosity of the air are set to piecewise-linear functions of temperature.
Heat transfer performance and pressure drop characteristics are evaluated using the Colburn j-factor and friction factor that is defined as follows [26] :
where ∆p is the pressure drop, L is the characteristic length of the computational domain (L = 0.11 m), u max is the averaged velocity through the minimum flow cross-sectional area, D h is the hydraulic diameter of the tube (D h = 4A g /P w ), A g is the minimum flow area, and P w is the wetted perimeter. The Reynolds number and Nusselt number are defined as:
where h o is the convective heat transfer coefficient of air-side. We calculate the overall heat transfer coefficient to obtain the air-side convective heat transfer coefficient with the following relation [26] :
1
where Q tot is the total heat transfer rate, A o is the total surface area of the fin and tube, ∆T LMTD is the log mean temperature difference, . m is the mass flow rate of air. h i is the convective heat transfer coefficient of water-side, A i is the surface area of the tube, R t is the conductive thermal resistance due to the tube wall, and η o is the overall surface efficiency. The convective heat transfer coefficient of water-side and conductive thermal resistance are neglected since the water-side is not considered in this study. The overall surface efficiency is calculated from the Schmidt approximation that is given as follows [27] :
where, A f is the fin surface area, η f is the fin efficiency, and D t is the diameter of the tube. Here, m and ϕ are defined as follows:
where k f is the thermal conductivity of fin and t is the fin thickness. The range of overall surface efficiency for all cases is 0.791 to 0.794.
Results and Discussion
Grid Independence Test and Validation
The grid independence test is essential to increase the accuracy of the numerical results and reduce the computational costs. Figure 3 shows the velocity magnitude distribution for the number of grids along Line 1, located 2 mm from the fin tip. The maximum error of the numerical results between the 4th and 5th grids is 5%. Therefore, the grid number of 11,375,765 is chosen for the numerical simulations. The grid independence tests are also conducted for the other cases, and the range of grid number is 11,880,000-12,940,000 with respect to the number of perforations. We compare the experimental correlations with the numerical results using Nusselt number for the heat transfer and friction factor for the pressure drop. The friction factor correlation is proposed by Genic et al. [28] , as shown in Equation (20) .
where W is the ratio of heat transfer area of a row of tubes to frontal free flow area, P f , is the fin pitch, P t is the transverse tube pitch, P l is the longitudinal tube pitch, R d is the ratio of diagonal free cross-sectional area to frontal free cross-sectional area, and P d is diagonal tube pitch. The friction factor correlation is valid for 550 < Re < 130,000, P t /D t ≤ 3.5, P l /D t ≤ 3.5, and R d ≥ 1. Figure 4 depicts the comparison of Nu and the friction factor correlation equations for different Reynolds number. The Nu of present results shows good agreement with experimental correlations proposed by FaJiang et al. [29] and Hofmann et al. [30] . A decreasing trend of the friction factor is observed with increasing Reynolds numbers. The maximum error is estimated at approximately 7.5% that is within the 8.3% of uncertainty range of correlation equation.
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Flow Characteristics of Finned-Tube Heat Exchanger
Heat Transfer and Pressure Drop Characteristics
The heat transfer and pressure drop characteristics are examined in the fifth tube row region where the flow is fully developed [31] . The total heat transfer rate across the heat exchanger, calculated by Q tot = . mC p (T in − T out ), is significantly affected by the heat transfer area and the convective heat transfer coefficient of the air-side. Each perforation per fin pitch reduces the heat transfer area by 2.2%, that in turn decreases the surface area by 4.4% (Cases 2, 3, and 4), 8.8% (Cases 5, 6, and 7), and 13.2% (Case 8), compared to the reference case. However, the maximum difference of the total heat transfer rate between Case 1 and the perforation cases is only approximately 3% (82.9-85.8 W for the lowest Re = 7150, and 115.7-119.5 W for the highest Re = 11,440). This indicates that the heat transfer performance can be improved significantly by perforations on the fin that enhance the flow disturbances close to the fin surfaces.
The heat transfer performance in the finned-tube heat exchanger can be quantitatively examined using the Colburn j-factor. An increasing Colburn j-factor points to the heat transfer performance per unit surface area of the fin and tube is increasing. In general, the Colburn j-factor decreases with the increase of the Reynolds numbers [26] . In Figure 10 , the heat transfer performance increases in the perforated fin cases compared to the reference case, because the flow disturbance increases at the location of the perforations, resulting in stronger flow mixing between the main flow and the flow near the fin surfaces. The boundary layer redevelopment also increases the heat transfer performance [32] . The cases of two perforated fins per fin pitch (Cases 2, 3, and 4) exhibit similar heat transfer performances with differences smaller than 1%. Case 8 shows the greatest Colburn j-factor, which is 11.7% larger than that of reference case.
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where jr and fr are the Colburn j-factor and friction factor of reference case, respectively. A higher value of area goodness factor means that the finned-tube heat exchanger requires a lower surface area. Figure 12 provides the area goodness factor for the eight cases for various Reynolds numbers. The perforated fin cases exhibit greater area goodness factors with increasing Reynolds numbers. The highest area goodness factor is observed for Case 8, because it shows better heat transfer performance with similar pressure drops compared to other perforated fin cases. This indicates that the surface area of the finned-tube heat exchanger can be reduced by using perforated fins. 
Conclusions
Numerical simulations were conducted to predict the flow and thermal characteristics of spiral finned-tube heat exchangers. We investigated the effects of perforated fins on the heat transfer and pressure drop characteristics of finned-tube heat exchangers. The conclusions are as follows.
The flow through the perforations on the fins influences the flow field of the boundary layers near the fin surfaces. The turbulent kinetic energy increases locally close to the locations of the holes It is essential to analyze the heat transfer performance considering the pressure drop in the finned-tube heat exchanger. Numerous parameters have elucidated the relationship between heat transfer and pressure drop characteristics. Among them, the area goodness factor, the ratio of the Colburn j-factor to friction factor, is used as defined below [33] :
Area goodness factor = j/j r f / f r ,
where j r and f r are the Colburn j-factor and friction factor of reference case, respectively. A higher value of area goodness factor means that the finned-tube heat exchanger requires a lower surface area. Figure 12 provides the area goodness factor for the eight cases for various Reynolds numbers. The perforated fin cases exhibit greater area goodness factors with increasing Reynolds numbers. The highest area goodness factor is observed for Case 8, because it shows better heat transfer performance with similar pressure drops compared to other perforated fin cases. This indicates that the surface area of the finned-tube heat exchanger can be reduced by using perforated fins. It is essential to analyze the heat transfer performance considering the pressure drop in the finned-tube heat exchanger. Numerous parameters have elucidated the relationship between heat transfer and pressure drop characteristics. Among them, the area goodness factor, the ratio of the Colburn j-factor to friction factor, is used as defined below [33] :
The flow through the perforations on the fins influences the flow field of the boundary layers near the fin surfaces. The turbulent kinetic energy increases locally close to the locations of the holes 
The flow through the perforations on the fins influences the flow field of the boundary layers near the fin surfaces. The turbulent kinetic energy increases locally close to the locations of the holes indicating the stronger mixing flow. It is found that the Colburn j-factor increases by 11.7 % for Case 8 compared to the reference case. The pressure drop for the perforation cases decreases, because of the increased flow in the wake region behind the tubes. Similar pressure drops are observed for cases 2, 5, 6, and 8, with differences of less than 2%. Case 6 exhibits the smallest friction factor with a maximum difference of 8% compared to the reference case. The area goodness factor considers the relationship between heat transfer and the pressure drop. Case 8, with the smallest surface area, showed the highest value of area goodness factor. In general, the spiral finned-tube heat exchanger has a larger pressure drop and higher heat transfer performance compared to flat plate finned-tube heat exchangers. In this study, we have shown that the pressure drop can be reduced by perforations on the spiral fin while maintaining the total heat transfer rate.
